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Abstract

The wetting angles and surface tension of Ge1�xSix melts (0:02oxo0:13) have been measured on various substrate

materials using the sessile drop technique. Fused quartz, sapphire, SiC, glassy carbon, pBN, AlN, and Si3N4 were used

as substrates. The highest and most stable wetting angles were found for pBN substrates with 164781, either under

forming gas with an additional carbon getter in the system or under active vacuum. The surface tension measure-

ments resulted in a value of +2.2� 10�3N/mat% Si for the concentration dependence qg=qC: For the composition
range measured, the temperature dependence qg=qT showed values similar to those of pure Ge, on average �0.07�
10�3N/mK. r 2002 Elsevier Science B.V. All rights reserved.

PACS: 68.03.Cd; 68.08.Bc; 81.05.Cy
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1. Introduction

In recent years, the germanium–silicon system
has become a material of interest for high-speed
electronic devices such as HBTs or HBFETs.
Other applications include: thermoelectric conver-

ters, X-ray and neutron optics, and solar cells.
While several applications use epitaxial films on Si,
bulk single crystals are necessary for certain
applications. They are also preferable as substrates
for epitaxial layers when the composition is neither
close to the Si nor to the Ge side of the system.
The Ge–Si system shows complete solid solubi-

lity over the entire composition range, but has a
large separation between the liquidus and the
solidus curves, resulting in strong segregation. This
factor, as well as the considerable lattice mismatch
between Si and Ge (4%) and the reactivity of
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liquid Si, leads to severe difficulties in growing
single crystals with low dislocation densities
and a homogeneous composition. In addition to
Czochralski (CZ) growth, floating-zone (FZ)
growth and the so-called ‘‘detached Bridgman’’
growth are currently investigated for the Ge–Si
system, with the intent to avoid or reduce the
contamination and stress introduced by crucibles.
In detached Bridgman growth, the bulk of the

melt is still in contact with the crucible, but a small
gap exists between crystal and crucible. The melt
adjacent to the growth interface ‘‘detaches’’ from
the crucible wall and forms a small free meniscus
connecting to the crystal. Detached growth has
occasionally been observed for more than 20 years,
especially in microgravity, but the mechanisms
involved are still the topic of several studies.
Overviews can be found in Refs. [1,2]. There is,
however, a common understanding that the main
factors influencing detachment include pressure
differences between the volume below the menis-
cus and the volume above the melt, a high growth
angle, and a high wetting angle between the
material and the crucible. One current investiga-
tion looks at detached Bridgman growth in the
Ge–Si system [3,4], making wetting angles of
Ge1�xSix melts with a variety of crucible materials
quite important for the investigation.
It has been shown by a variety of experiments

and numerical simulations that—with the excep-
tion of RF-heated industrial-scale Si-FZ growth—
mass transport in semiconductor FZs is domi-
nated by surface-tension-driven thermocapillary
(‘‘Marangoni’’) convection [5–8]. Recent results
on the FZ growth of Ge–Si also suggest that soluto-
capillary convection, caused by the compositional
dependence of the surface tension, plays an equally
important role in this system [9]. Knowledge of the
surface tension g as well as its temperature and
composition dependencies qg=qT and qg=qC are
thus essential for designing and understanding FZ
experiments and for conducting numerical simula-
tions; they are also important for CZ growth.
Surface tension data exist in the literature for

molten Ge [10–20] and Si [21–31], but so far only
two values for intermediate compositions have
been published [32]. Some values exist for the
wetting angles of Ge [14,20,33,34] and Si

[14,23,35–43] with different substrates, but none
for Ge1�xSix melts. The data for the pure elements
vary considerably, in particular the temperature
dependence of the surface tension; this is due to
different levels of contamination, especially by
oxygen [23,44,45]. In the following, the results of
new sessile drop measurements of Ge1�xSix melts
will be presented. This method is not free of
contamination by the substrate, but allows the
parallel determination of surface tension and
wetting angle and actually resembles closely the
conditions of detached Bridgman crystal growth.

2. Experimental setup

The setup and experimental procedure have
been described in detail in a previous article on the
wetting angles and surface tension of Ge [20]. The
substrates used for the Ge1�xSix experiments were
plates (25� 25mm2) of fused quartz, sapphire
(Saphikon), pBN (Performance Materials), cera-
mic AlN (Accuratus), glassy-carbon-coated gra-
phite (Graphite Die Mold), SiC-coated SiC
(SuperSiCs from Poco Graphite), ceramic Si3N4

(Ceradyne Ceralloy 147), and a CVD Si3N4 layer
on fused quartz. The choice of substrates was
governed by the condition that the material should
be available as a cylindrical ampoule or ampoule
liner for detached growth experiments. All sub-
strate plates were rinsed in acetone and methanol,
the fused quartz and sapphire plates also in a
cleaner for lab glassware (Dri-Contrads) and
13MO water. All parts were then baked out under
dynamic vacuum at 10901C for at least 2 h. The
Ge–Si sample consisted of two Ge plates and one
or two Si plates sandwiched together (Fig. 1). No
pre-synthesized samples were used to avoid con-
tamination by an additional crucible. The plates
were cut from single crystals (Eagle-Picher, optical
grade, for both Ge and Si), and then etched in a
mixture of 18 parts HNO3 (69%), 8 parts
CH3COOH (100%), and 5 parts HF (49%).
Immediately before the sample was put into the
vacuum system, the Si was immersed in a 5% HF
solution, the Ge in a 20% KOH solution to reduce
native oxides, then rinsed in 13MO water. The
samples were heated up to the melting point under
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dynamic vacuum (2� 10�6mbar). After melting,
the samples stayed at a temperature of 10–201C
above the melting point for several hours to ensure
a homogeneous composition, but pictures were
already taken during this equilibration time.
Dynamic vacuum conditions, 1040mbar Argon
(5N, further purified by Oxisorbs from MG
Industries), and 1040mbar spectral grade forming
gas (Ar with 2% H2) have been employed as
atmosphere. No continuous gas flow was used, but
the processing chamber was flushed several times
before the final filling. This approach was used to
simulate the conditions in a sealed growth
ampoule. In several runs, an additional carbon
plate was placed behind the substrate as an oxygen
getter. In each case, measurements were taken at
different temperatures, usually in 10–20K inter-
vals between the melting temperature and the
maximum attainable temperature of 11001C. In
some runs, measurements were taken over several
days (the usual processing time for Bridgman
growth of Ge1�xSix crystals) to detect slow
reactions with the substrate or the atmosphere
that might affect either the surface tension or the
wetting angle.
A description of the drop image evaluation

using the Young–Laplace equation is given in Ref.
[20]. One experimental problem with respect to the
evaluation is the knowledge of the exact magnifi-
cation, since it directly affects the calculation of
the surface tension. The magnification can easily
be determined for the solid starting material, but
upon melting the sample usually moves a little in
an arbitrary direction, up to a few tenths of a
millimeter. This is often not detectable through a

change in focus—the calculated depth of field was
71mm for the setup. To overcome this problem,
the drop density was used to adjust the magnifica-
tion. First a theoretical density was calculated
for a given temperature T from the densities of
the melt constituents: the density value for Ge was
calculated using the function rGe ¼ 5:67 g cm�3–
5.42� 10�4 g cm�3K�1 � (T2Tm) [19], the value for
Si using rSi ¼ 2:58 g cm�3–1.59� 10�4 g cm�3K�1 �
(T2Tm)�1.15� 10�7 g cm�3K�2 � (T � Tm)

2 [31],
with Tm as the melting temperatures (9381C for
Ge, 14141C for Si). The theoretical density for the
alloy was then calculated by linearly interpolating
between the two component densities, and the
magnification was adjusted so that the experimen-
tal value matched the theoretical one within
70.005 g cm�3.
After processing the samples were cooled down

and checked for surface contamination as well as
for adherence to the substrate. Selected samples
were checked for impurities by EDX and glow
discharge mass spectrometry (GDMS).

3. Results and discussion

3.1. Wetting angles of Ge1�xSix melts with different

substrates

A general result was that wetting angles were
reduced over time for all substrates except pBN.
This is different from the results for pure
germanium, where this happened only for some
substrates [20]. The high reactivity of (liquid)
silicon is most probably responsible for this effect,

Fig. 1. Left: sample before melting, consisting of a Ge–Si–Ge sandwich on a pBN substrate. Ge disk diameter 12mm. Right: sample

after melting in forming gas atmosphere. Si content 5.9 at%.
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leading to a reaction with the substrate and thus
changing both the drop composition and the
substrate surface texture. The rate of change was
generally highest for the oxide-based substrates
(fused quartz and sapphire) and depended also on
the surrounding atmosphere. No significant tem-
perature dependence of the wetting angle could be
found for any of the substrates within the
temperature range used (up to 130K, depending
on composition).

3.1.1. Fused quartz substrates

The wetting angle for pure Si is reported to be
85–871 [38,41,43], the one for pure Ge is in the
range 120–1401, depending on the surrounding
atmosphere [20]. The values for Ge1�xSix, with Si
contents of 3.3%, 3.4%, 6.6%, and 10.7%, fall
between these extremes, as shown in Table 1. At
the beginning of the experiment, the initial values
were closer to the ones for pure Ge and then
approached asymptotically a limiting value
(Fig. 2). This exponential decay was faster with

increasing Si content. Similar to the Ge results [20],
the wetting angles measured under vacuum are
15–201 lower than those measured under argon/
forming gas. The samples processed under vacuum
and the one processed with additional carbon
getter in the system showed no macroscopically
detectable surface contamination, whereas the
sample processed under forming gas alone showed
visible formation of solid particles after 2 days of
processing. The solidified samples adhered to the
substrate in all cases, resulting in the destruction of
the substrate and sometimes the sample upon
cooling down. This attests to the strong reaction of
the melt with the substrate, which is corroborated
by the high oxygen content found in parts of the
samples, around 16 ppm for a vacuum-processed
sample (Table 2).

3.1.2. Sapphire substrates

The sapphire substrate measurements resulted
in angles of 114–1241, similar to fused quartz
(Table 1). This is just slightly below the pure Ge

Table 1

Wetting angles of Ge1�xSix on various substrates, for different compositions and processing atmospheres

Substrate Si content (%) Processing atmosphere Wetting angle (1)

Fused quartz 3.3 Forming Gas 128-122

3.4 Vacuum 130-105

6.6 Forming gas+carbon getter 128-117

10.7 Vacuum -100

Sapphire 4.2 Vacuum/argon -124

4.6 Vacuum/forming gas 127-114

SiC 6.5 Vacuum/argon 165-70

Glassy carbon 3.1 Forming gas 160-120

4.6 Vacuum 150-103

AlN 6.3 Vacuum/argon 168-124

Si3N4 layer on SiO2 5.7 Vacuum 160-97

Ceramic Si3N4 6.2 Vacuum/argon 153-96

PBN 2 Vacuum 16371*

2.2 Vacuum/argon 15971*

7.1 Vacuum/argon 16872*

2.3 Forming gas+carbon getter 16774*

4.3 Forming gas 16673*

5.9 Forming gas+carbon getter 173-162*

6.5 Forming gas+carbon getter 14871*

11.4 Argon+carbon getter 17172*

13.6 Forming gas+carbon getter 17472*

-Denotes a change of the wetting angle over time following an exponential decay law (Figs. 2 and 4). The error for the wetting angles

(for the cases without a systematic change of the angle) is the standard deviation. The average value of the marked * angles on pBN is

1641 with a standard deviation of 781 between those values.

A. Cr .oll et al. / Journal of Crystal Growth 242 (2002) 45–5448



values of 119–1341 [20], whereas literature values
for Si melts are 80–861 [14,38]. The measurements
under argon or forming gas resulted in the
formation of particles on the surface; in contrast
to fused quartz substrates, there was no increase of
the angle when going from vacuum to a gas
atmosphere. The samples also adhered strongly to
the substrate after processing.

3.1.3. SiC substrates

The wetting angle for SiC started at 1651, which
is essentially the value for Ge [20], but then
decreased rapidly within 1 h to values below 901. It
stabilized around 701 (Table 1) and stayed there
for up to 3 days. No change could be found for
vacuum vs. argon atmosphere. This low angle is
not too surprising, given the fact that the angle for
pure Si on SiC is reported to be between 81 and 501

[14,38]. The samples adhered strongly to the
substrate after processing and could not be
removed without destroying them. SiC was the
only substrate that showed wetting, i.e. a wetting
angle below 901.

3.1.4. Glassy-carbon-coated graphite substrates

The wetting angle of pure Ge on carbon is
around 160–1701 [20], whereas the value for Si has
been reported to be between 101 and 501 [39,40,43].
It can be safely assumed that this range is actually
the wetting angle of Si with SiC due to the reaction
of the melt with the carbon. For the Ge–Si melts,
the behavior was similar to the one with the SiC
substrate. Initial wetting angles were quite high at
150–1601, in the vicinity of the pure Ge values, and
then decreased to values of 1101 and 1201 within a
day. There was no apparent influence of the
processing atmosphere. The samples also adhered
permanently to the substrates after processing, but
did not show visible contamination of the sample
surface. One would assume that also for Ge1�xSix
the measured values represent to a large extent the
wetting angle with SiC, i.e. the substrate surface in
contact with the melt is SiC, and outside that area
it is carbon. The drop could then advance by
diffusion of Si, forming new SiC along the
perimeter of the contact area. As long as the drop
is advancing, the contact line would, therefore not
be a three-phase (solid–liquid–gas) contact line,
but closer to a four-phase (solid–solid–liquid–gas)
contact line.

3.1.5. AlN substrates

The wetting angle for AlN started out at a very
high value, 1681, close to that of Ge, but then

Table 2

GDMS measurements of Ge1�xSix selected sessile drops on different substrate materials after processing. Elements not listed showed

no significant increase in concentration

Substrate Si content (%) Processing atmosphere Processing

time (h)

B (ppb) C (ppb) N (ppb) O (ppb)

Fused quartz 3.4 Vacuum 52 o4 300 130 16000

Glassy carbon 4.6 Vacuum/argon 47 17 740 120 1700

pBN 2 Vacuum 7 90 520 200 3300

pBN 2.2 Vacuum 126 3900 230 120 2100
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Fig. 2. Wetting angles for a Ge0.967Si0.033 drop and a

Ge0.934Si0.066 drop vs. time, fused quartz substrates, forming

gas atmosphere. The higher Si content leads to a faster decay of

the initial angle and to a lower stable angle as well. Error bars

show the standard deviation.
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decreased within a day to 1241 (Table 1) and
stayed there for another 3 days of processing. For
comparison, angles of 45–601 are reported for pure
Si [14,37]. It has to be kept in mind that ceramic
AlN contains several % of additives, i.e. Y2O3,
Al2O3, or MgO, so this decrease may be due to the
oxide content. No surface contamination of the
drop was visible and no change of the angle could
be found for vacuum vs. argon atmosphere. The
samples did not adhere to the substrate after
processing and could be removed easily.

3.1.6. Si3N4 substrates

Si3N4 was an interesting candidate as ampoule
material or coating since it would only introduce
nitrogen as a contaminant (for pure Si3N4), and it
has been reported to be durable in molten Si [42].
The wetting angle for Ge is around 1451 under
vacuum [20], but for Si values of only 23–851 have
been reported [35,37,38,42]. For Ge1�xSix, the
measurements showed initial values around 1501,
but those fell quickly, attaining a stable value of
961 (Table 1) after 3 h of processing time (Fig. 4).
The results were practically identical for the
ceramic material (containing several % of addi-
tives like Y2O3, Al2O3, and MgO) and the CVD
layer, so an influence of the ceramic binder on the
wetting angle is unlikely. No visible surface
contamination of the drops has been found and
there was no apparent influence of the processing
atmosphere on the angle. The sample adhered
permanently to the ceramic substrate after
processing.

3.1.7. pBN substrates

Pyrolytic boron nitride was the most likely
candidate to exhibit high wetting angles, since the
value for Ge is around 1701 [20] and the value for
Si is reported to be 130–1451 [23,38]. pBN did
indeed exhibit the highest wetting angles of all
substrates (Table 1). The angles obtained under
vacuum and under forming gas were the highest
with values around 150–1701, similar to pure Ge
melts. For most samples processed under forming
gas and with additional carbon getter, the reduc-
tion of the angle with time is practically negligible
(Fig. 3). They still showed significant data scatter-
ing from run to run; the average value for the

samples processed under vacuum or forming
gas was 1641, with a standard deviation of 781
between the runs. These samples did not show any
visible contamination. No significant dependence
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of the angle on the Si content was found. After
solidification, the samples could easily be removed
from the substrate, which showed no visible sign of
dissolution. However, the GDMS analysis showed
a dependence of the incorporation of boron into
the sample on the processing time, up to 3.9 ppm
(equivalent to a doping level of 2� 1017 cm�3)
after 5 days of processing; no significant amounts
of nitrogen where detected (Table 2). For samples
processed only under argon, smaller wetting angle
values were found after some processing time and
a transparent layer of material of a few micron
thickness was found on the substrate. The layer
appears to be mainly SiO2, not B2O3, since it could
not be readily dissolved in a KOH solution. In this
case, the measured lower wetting angle is related to
the one for SiO2, not pBN.

3.2. Surface tension of Ge1�xSix melts

The surface tension results are summarized in
Table 3. See Ref. [20] for details on the related
sessile drop measurements of pure Ge melts. In
contrast to the wetting angles, an asymptotic
change of the surface tension over time was found
only for the ceramic Si3N4 substrate with a
reduction of 10% within 8 h (Fig. 4). This is
similar to the results for pure Ge [20]. Excepting
Si3N4, the measurements on glassy carbon resulted
generally in smaller absolute surface tension values
than for the other substrates (Table 3), in

accordance with the results for pure Ge [20]. This
effect cannot be attributed to the substrate acting
as an oxygen getter, since measurements on other
substrates with a carbon plate behind the sample
acting as a getter did not show the reduced surface
tension values.
The processing atmosphere, especially the use of

argon without any additional oxygen getter, had
an influence on the surface tension values; those
effects were somewhat irreproducible and should
be related to surface contamination. Going from
dynamic vacuum to an argon atmosphere resulted
in an increase of the apparent surface tension with
oxygen-based substrates. Contamination effects
also showed up in the temperature dependence of
the surface tension, resulting in different coeffi-
cients for runs where the temperature was in-
creased vs. runs where the temperature was
decreased. The values for qg=qT shown in Table
3 and in the examples in Fig. 5 are those with
reproducible values for the temperature depen-
dence of the surface tension, i.e. from runs under
vacuum or in a reducing environment.
It should be noted that the absolute values of

the surface tension g listed in Table 3 are not the
ones at the melting point, because the melting
point is obviously composition dependent, but
have been normalized for a temperature of
10901C. The choice of 10901C is arbitrary and
only related to the temperature limits of our
furnace.

Table 3

Surface tension and its temperature dependence for Ge1�xSix melts on fused quartz, glassy carbon, and pBN substrates

Substrate Si content (%) Processing atmosphere g and qg=qT (10�3N/m)

(T ¼10901C)
sn (10�3N/m)

Fused quartz 6.6 Forming gas+carbon getter 571, �0.144 2

Glassy carbon 3.1 Forming gas 555, �0.067 1.5

4.6 Vacuum 558, �0.111 1.5

pBN 2.3 Forming gas+carbon getter 586, �0.062 2

5.9 Forming gas+carbon getter 572, �0.081 1.5

6.5 Forming gas+carbon getter 572, �0.061 1.5

7.1 Vacuum 573, �0.045 0.5

11.4 Argon+carbon getter 578, �0.104 0.5

13.6 Forming gas+carbon getter 591, �0.069 1

The absolute values were normalized for a temperature of 10901C. sn is the standard deviation of the linear fit for each measurement

series. Boldface numbers have been used to determine qg=qC (Fig. 6); the standard deviation of those values from a linear fit is

3.5� 10�3N/m.
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The concentration dependence of the surface
tension, shown in Fig. 6, was derived from those
results. It was established in the following way:
Only measurements on pBN were used. g and
qg=qT were measured for each composition
(x > 0:05), as listed in Table 3. g was calculated
from these results for 10901C, and qg=qC was
determined from this set of calculated g values.
Assuming a linear relationship, qg=qC was deter-
mined to be +2.2� 10�3N/m at% Si. This value
compares well with a linear regression using the
end values of pure Ge [19,20] and Si [31], as well as

the available Ge1�xSix values [32], resulting also in
2.2� 10�3N/mat% Si (Fig. 7). The standard
deviation of the individual surface tension mea-
surements is quite small (Table 3). However, this
accounts only for statistical errors, not for
systematic ones. According to Eustathopoulos
[14], an error of 5% for the absolute surface
tension values of metallic melts and of 50% for the
temperature dependence is common. Since qg=qC

was derived from qg=qT values, the error for the
concentration dependence is probably in the same
order of magnitude, i.e. roughly 71� 10�3N/m
at% Si.

4. Summary and conclusions

Wetting angles of Ge-rich Ge–Si melts on
different substrate materials were determined
using the sessile drop technique. Compared to
pure germanium [20], reactions with the substrate
were much more pronounced. This can be
attributed to the high reactivity of silicon. Changes
of the wetting angle with time were found for fused
quartz, sapphire, glassy carbon, SiC, AlN, and
Si3N4 substrates. Only pBN substrates showed a
negligible reduction of the wetting angle for
process times of the order of days. Wetting angles
for Ge1�xSix melts were generally smaller than for

T [˚C]
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Fig. 5. Temperature dependencies of surface tension for a
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atmosphere. Error bars show the standard deviation.
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pure Ge, and most showed significant discrepan-
cies with a linear interpolation between the
literature values of Ge and Si. This can again be
attributed to the reactivity of liquid silicon, despite
the fact that the processing temperatures were
more than 300K below the melting point of Si.
The only exceptions to this behavior were pBN
substrates. pBN showed the highest values of the
wetting angle, around 1641, although only for
samples processed under vacuum or in a reducing
atmosphere, and with considerable scatter of data.
For detached Bridgman growth of Ge1�xSix
crystals, pBN appears to be the best ampoule liner
material. However, even in this case some reaction
of the melt with the substrate was found, leading
to boron contamination in the ppm range after
several days of processing.
In addition to the wetting angle, the surface

tension and its concentration and temperature
dependence were determined. A pronounced effect
of contamination on the surface tension was found
for Si3N4 substrates. The most reliable surface
tension values were measured on pBN substrates
either under dynamic vacuum or under forming
gas and with carbon as oxygen getter. The tempe-
rature dependence qg=qT (average value �0.07�
10�3N/mK) did not differ significantly from
that of pure germanium (�0.08� 10�3N/mK
[19,20]). The concentration dependence qg=qC

was determined to be +2.2� 10�3N/m at% Si
and agrees well with a linear interpolation between
the values of pure Ge and Si. This value, coupled
with the strong segregation in the system Ge–Si,
can lead to solutocapillary convection during
crystal growth with a free melt surface, i.e. in the
case of floating-zone or Czochralski growth.
Since the segregation coefficient of Si in Ge is
much larger than one, this will lead to a
solutocapillary surface flow away from the inter-
face (i.e. towards the higher Si concentration in
the bulk of the melt) which is opposite to the
thermocapillary flow pointing towards the inter-
face. Recent results [9] show that in the case of
FZ-grown Ge1�xSix crystals solutocapillary con-
vection can indeed be the dominating flow in the
area close to the interface and the melt surface and
will lead to a change in the interface shape of the
crystal.
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